In the Netherlands, seismicity is induced by the reactivation of faults because of the extraction of gas. The Dutch mining law requires a seismic-risk assessment as part of the license application process. For this purpose, a risk-assessment guideline has been developed over the past decade. The guideline contains three assessment levels. At the first level, a screening occurs to assess the potential of inducing seismicity. On the basis of three key parameters and an analysis of the maximum potential magnitude, each field can be classified for induced-seismicity risk prior to the onset of production. For fields with a low seismicity potential, the existing national monitoring network suffices. At the second level, for fields with medium and high seismicity potential, a qualitative assessment of hazard and risk is required based on a risk-matrix approach. The large Groningen gas field is considered a field with high seismic risk requiring a level 3 assessment. For such fields, a probabilistic seismic-risk assessment and risk-management plan are required. The risk assessment requires special attention because most of the seismic risk is associated with low-probability events that can induce large ground accelerations.
Introduction
Dutch onshore and offshore assets consist of more than 450 gas fields, of which 263 are in production. In January 2014, the total proven reserves equaled 1044 billion standard cubic meters (Sm 3 ), of which 774 Sm 3 were in the Groningen gas field (original gas in place [OGIP] was 2900 billion m 3 ). Annually, ~ 70 billion Sm 3 of gas is produced. In many cases, the extraction of hydrocarbons results in subsidence of the earth's surface. In a densely populated country such as the Netherlands, that surface is mostly at or below sea level and is protected by dykes, dunes, and pumping. This is an important issue. In some cases, pressure depletion resulting from the extraction of gas reactivates preexisting faults. This induces seismicity in regions that are relatively densely populated and previously were tectonically aseismic.
About 40 Dutch gas fields are known to induce seismicity. Generally, the magnitudes of the events are small (M < 3.0), causing only nuisance and minor nonstructural damage to buildings. Three A. G. Muntendam-Bos 1 , J. P. A. Roest 1 , and J. A. de Waal 1 fields so far have had induced events with magnitudes above 3.0 -Bergermeer (as high as 3.5), Groningen (as high as 3.6), and Roswinkel (as high as 3.4) ( Figure 1a ). The Royal Dutch Meteorological Institute (KNMI) monitors seismicity in the Netherlands. Initially, the network focused on the limited natural seismicity in the south of the country. The first event induced by gas production was recorded in December 1986 near the Eleveld gas field. In 1995, the network in the northeast of the Netherlands was extended significantly, focusing particularly on the seismicity induced in the Groningen gas field, with a further extension in 2010.
The current national network (Figure 1b) consists of 11 broadband seismometers; 20 shallow borehole stations (100 m to 200 m), consisting of an array of three-component geophones at four depth levels; and 38 accelerometers. Since 1986, more than 1000 induced seismic events have been recorded. The vast majority of those events has occurred within the Groningen gas field (Figure 1 ).
Since 2003, the Dutch mining act requires, as part of the production license application, a description of possible ground motions which might be induced and the associated consequences. Both subsidence and induced seismicity must be addressed in the application. With regard to induced seismicity, the mining decree stipulates that the plan must contain (1) a seismic-risk assessment, (2) a description of the possible 1 State Supervision of Mines, the Netherlands.
http://dx.doi.org/10.1190/tle34060672.1. Based on the results of a subsequent study, the pressure-drop parameter was replaced with the ratio between pore-pressure drop and initial pore pressure (van Thienen-Visser et al., 2012) . Using the observed correlation, a probability for the occurrence of earthquakes can be calculated for each field prior to the onset of production.
Because the probability of inducing seismicity is never zero, the potential maximum magnitude of each field also is taken into consideration. Until late 2012, the seismological section of the Royal Dutch Meteorological Institute derived the potential maximum magnitude of an induced seismic event in the Netherlands. This was done by combining all observed induced-seismic events with a magnitude above 1.5 from all Dutch fields in a Gutenberg-Richter frequency-magnitude plot. From this, the KNMI derived a maximum magnitude of 3.9, which was interpreted widely as the maximum possible magnitude of an induced event for any Dutch field.
The Council of State in the Netherlands ruled in 2012 that a small probability of a shallow induced-seismic event with a magnitude of 3.9 to occur once during a 50-year project period (and the damage thereof) is acceptable considering the economic and strategic benefits of a large underground gas-storage facility. The judgment also was based on the fact that studies predicted no structural damage and hence no risk to people for an induced-seismic event of 3.9 magnitude (de Lange et al., 2011) .
Muntendam-Bos and de Waal (2013) demonstrate that combining seismic events from different fields can lead to erroneous predictions of the maximum magnitude for induced events of individual fields. The upper magnitude boundary for the Groningen field cannot be derived from its seismicity data. Following this finding, a study was initiated to determine the maximum potential magnitude on the basis of other field characteristics such as maximum fault size and induced compaction strain (Buij ze et al., 2013) .
On the basis of the new calculated probability and maximum potential magnitude, each field is now classified as having low, medium, or high potential for induced seismicity. For fields with low potential (which means a negligible probability of inducing seismicity and/or a maximum magnitude estimate below M l = 3.0), the installation of a seismic-monitoring network suffices. Fields with a medium or high potential require a more in-depth level 2 assessment.
Level 2: Screening hazard and impact. Level 2 investigates the hazard and impact related to seismicity for fields with medium or high potential for inducing seismicity. Any field with observed induced seismicity requires a level 2 assessment based on a risk-matrix approach, in which hazard and consequence factors are assessed independently. The combination of the hazard factor and the consequence factor determines the position in the risk matrix and thereby the risk category.
The hazard factor is based partly on the level 1 probability for inducing seismicity and the derived maximum magnitude. For all fields which already have experienced induced seismicity, a PSHA is calculated (van Eck et al., 2003) , and the obtained hazard replaces the level 1 screening results.
In addition, the site response at the surface over the gas field (Wassing et al., 2003; Wassing et al., 2004) , the public sensitivity and tolerance to seismicity, and the construction standards consequences, (3) a description of the measures taken to prevent the occurrence of ground motions and seismicity, and (4) the measures taken to mitigate the consequences of ground motions and induced seismicity if they occur.
Monitoring of induced seismicity has to be carried out in accordance with a separate measurement plan which must be submitted for approval prior to the start of production and needs to be updated and resubmitted for approval annually.
As mentioned, the Dutch mining decree requires a seismicrisk assessment for each onshore gas field. However, only a few fields in the Netherlands induce seismicity, and a traditional probabilistic seismic-hazard analysis (PSHA) cannot estimate the hazard for a field prior to the occurrence of seismic activity. However, during the past 10 years, a guideline based on the results of several industry-funded research projects has been developed to address the requirement properly while acknowledging these facts. The guideline consists of three levels of assessment ( Figure  2 ). The outcome of each level of assessment determines whether the next level is required. In this article, the guideline and its different assessment levels are described in detail.
Guideline for seismic risk
Level 1: Screening the potential for induced seismicity. The assessment commences with an investigation of the potential of a gas field to induce seismicity. Based on a statistical analysis, Van Eijs et al. (2006) determine a correlation among several reservoir and production properties and the occurrence of induced seismicity in a hydrocarbon field. Three key parameters were identified which show a good correlation with the occurrence of earthquakes: (1) a drop in pore pressure, (2) fault density of the reservoir, and (3) the stiffness ratio between seal and reservoir rock. of the buildings in the exposed area are assessed in a qualitative manner. A consequence factor is assessed, based on an estimate of the possible extent of damage to infrastructure and buildings and an estimate of the social, financial, and reputational impact of a seismic event.
Most fields in the Netherlands are classified in the low or medium seismic-risk category. Depending on the category, the requirements for the seismic-monitoring network become more stringent. For fields in the low category, the national monitoring network, with its current detection and location thresholds, is sufficient. For the medium category, a location threshold of M l = 1.5 is required. The operator is responsible for ensuring that extensions to the network necessary to meet this requirement are implemented.
The public-safety risk resulting from the induced-seismic events in the low or medium category is deemed negligible. However, to protect the public interest, the mining act stipulates that the operator is fully liable for all damages inflicted by induced surface motions.
Level 3: Seismic-risk assessment and management plan. The Groningen gas field is currently the only gas field in the Netherlands in the high-seismic-risk category, which requires a full quantitative seismic-risk assessment and a seismic-risk management plan.
Quantitative seismic-risk assessment. Until recently in the Netherlands, the seismic risk of natural seismicity (because of its rare occurrence) and the risk of induced seismicity (because of its estimated limited maximum magnitude) were deemed acceptable. Hence, a specific seismic-risk policy is nonexistent, and therefore, reference can be made only to the Dutch policy for industrial risks, which considers two distinct risk metrics.
The first risk metric is the local annual individual fatality risk (LAIFR), or personal risk. It describes the risk of fatality that a fictitious person is exposed to while being at a certain location 24 hours a day, 365 days a year. For the risk resulting from induced seismicity, the LAIFR can be computed for each building in a specific area by
where pga is peak ground acceleration (or peak ground velocity), f haz (pga) is the probability density distribution of the hazard, F dam (pga, S a ) is the cumulative distribution function for building damage (the fragility curve), and F fat (pga, S a ) is the cumulative distribution function for fatal injuries (the fatality curve). Both the fragility and fatality curves depend on construction type (S) and damage state (a). This risk metric is used in spatial-planning building codes. The second risk metric is the societal risk, which is the relation between the frequency and the number of people being fatally injured. This generally is expressed in F-N curves, or f-N curves (Figure 3) , in which the annual probability of exceedance (f (N) ) is plotted versus the number of fatalities (N). A simple measure for societal risk is the total seismic risk (TSR), which equals the total area under the f-N curve:
For industrial risks such as chemical plants, the use of these metrics in a quantitative risk analysis (QRA) is common practice. In a standard QRA, the hazards of an installation and the consequences of the hazard are identified. The hazards subsequently are assigned a frequency of occurrence. The risk is the combined result of cumulating hazards and their consequences. To prevent overconservativeness, the resulting median (P50) frequency is used.
These risk metrics can be used in a probabilistic seismic-risk assessment. However, oil and gas operators tend to use the scenario-based quantitative-risk-analysis approach with scenarios based on the probability of exceeding a given magnitude.
To assess the consequences of the different scenarios, the median ground acceleration of a seismic event of a given magnitude for the scenario considered is used. In this way, the large uncertainty in the ground-motion prediction equation is ignored, whereas that uncertainty is crucial in a probabilistic seismic-hazard assessment. The risk metrics depend strongly on the maximum ground acceleration that can occur, not on the P50 value. Not including the uncertainty in the ground-motion prediction equation therefore leads to a gross underestimate of the actual risk. Figures 3 and 4 show the f-N curve and LAIFR prior to integration over the ground accelerations for the central area of the Groningen gas field (SodM, 2014a). For this area, the operator considered the maximum probable magnitude to be 5.0. Based on the median-frequency method, the P50 ground acceleration corresponding to the M = 5.0 earthquake equals 0.23 g. The P50 number of associated fatalities is then computed at five. Hence, the integrations of the LAIFR and TSR were terminated at 0.23 g and five fatalities, respectively (Figures 3 and 4) .
The operator deemed the calculated risk to be acceptable. However, the conservative estimate (P84) of ground acceleration for a magnitude 5.0 event is .5 g, which corresponds to about 100 fatalities. Hence, the risk computed by the medianfrequency method is a significant underestimation. By excluding events of magnitudes larger than 5.0 in the evaluation, the risk in both risk metrics is underestimated, even if the P84 values are used. This is a direct consequence of the fact that the number of fatalities resulting from the rare events that cause large ground accelerations is so large. As a result, seismic risk is dominated by the risk from rare, lowprobability, high-impact earthquakes of high magnitude and high ground acceleration.
Risk-management plan. The general way to manage the hazard resulting from induced seismicity is through a traffic-light system. This system uses several thresholds of peak ground-acceleration levels, each of which has a certain mitigation measure associated with exceeding the threshold. For injection-induced seismicity, the operational action generally consists of a reduction of injected volumes and flowback of injected water.
For production-induced seismicity, the mitigation measure is not so straightforward. It is not yet widely accepted scientifically that production reductions, either local or fieldwide, will lead to a reduction in seismic activity. However, evidence in support of that concept is growing.
In the Lacq gas field in France, production rates were reduced significantly over a 20-year period. Lahaie and Grasso (1999) find a correlation between the decrease in loading rate resulting from the reduction in production rates and the b-parameter in the Guttenberg-Richter relationship. They conclude that this suggests a change in deformation mechanism from brittle to more ductile behavior with decreasing production rate. Similarly, a reduction in seismicity following a major local reduction in gas production in January 2014 (van Thienen-Visser and Breunese, 2015) is seen in the central area of the Groningen gas field in the Netherlands, whereas an increase in seismic activity is seen in areas where production was increased in the past two years (SodM, 2014b) .
These early indications suggest the possibility of mitigating production-induced seismicity through a "hand-on-the-tap" production-management approach. A similar management scheme is in place to manage subsidence caused by gas production in the nearby Wadden Sea area in the Netherlands (de Waal et al, 2012) . The scheme can be adapted to manage induced seismicity. In addition, the consequences of earthquakes can be mitigated to a certain extent by adopting a preventive building-strengthening program aimed at strengthening the most vulnerable buildings and infrastructure to an acceptable level.
However, at this time, there is no Dutch risk policy for seismic risk and hence no clear threshold for an unacceptable level. In addition, in the absence of a proper and scientifically proven relationship between seismic activity and the rate of gas production, management of seismic risk can be only qualitative and observation-driven. Only in hindsight will it be possible to determine whether and how the level of seismic risk was influenced by the mitigation measures taken.
Conclusions
In the Netherlands, a guideline for assessing and managing seismic risk induced by gas production has been developed successfully during the past 10 years. For most gas fields, a basic screening of the induced-seismicity potential and maximum probable magnitude and implementation of a proper seismic-monitoring network suffice. Gas fields where induced seismicity already has occurred and gas fields with medium to high potential for inducing seismicity require a level 2 screening based on the risk-matrix approach. Currently, only the Groningen gas field requires a level 3 quantitative-risk assessment and a risk-management plan. Special attention is required for proper execution of the risk assessment because most of the risk is associated with rare events that induce large ground accelerations. This is because the consequences of earthquakes (damage, number of fatalities, and so forth) worsen disproportionately with increasing ground accelerations.
Risk management depends on the ability to apply control measures. For seismic risk resulting from gas production, there are preliminary indications that seismic activity can be reduced by reducing gas-production rates. In addition, the consequences of earthquakes can be mitigated to a certain extent by adopting a preventive strengthening program aimed at strengthening the most vulnerable buildings and infrastructure to an acceptable level. 
